Two serological tests for detection of antibodies to Ehrlichia (previously Cowdria) ruminantium, the causative agent of heartwater, were compared by using field sera collected from sheep and cattle as part of serosurveys in Ghana. Sera selected as either negative or positive by a new polyclonal competitive enzyme-linked immunosorbent assay (PC-ELISA) were tested by the indirect MAP1-B ELISA. Cutoff values of 14 percent positivity (14 PP) for both ruminant species were obtained for the MAP1-B ELISA by using preseroconversion Ghanaian sera and were compared with previously recommended cutoff values of 29 PP for sheep and 38 PP for cattle. With the 14-PP cutoff, of 151 sheep sera which tested negative by PC-ELISA, 89% were also negative by MAP1-B ELISA, while of 419 sheep sera positive by PC-ELISA, 98% were also positive by MAP1-B ELISA. Of 261 bovine sera negative by PC-ELISA, 82% were also negative by MAP1-B ELISA. Of 511 bovine sera positive by PC-ELISA, only 47% were positive by MAP1-B ELISA; these included 168 sera collected from cattle following first seroconversion as detected by both tests, with 125 of these sera positive by PC-ELISA but only 59 and 5 positive by MAP1-B ELISA with the 14-and 38-PP cutoff levels, respectively. These results indicate that both assays are highly sensitive and specific for detection of E. ruminantium exposure in sheep but that the MAP1-B ELISA lacks sensitivity for postseroconversion bovine sera in comparison to the PC-ELISA. Both tests confirm E. ruminantium seroprevalence of at least 70% in Ghanaian sheep; levels of exposure among Amblyomma variegatum-infested Ghanaian cattle are likely to be higher than the seroprevalence value of 66% obtained with the PC-ELISA.
Heartwater, or cowdriosis, caused by the rickettsia Ehrlichia (previously Cowdria) ruminantium (10) and transmitted by ticks of the genus Amblyomma, is an often fatal disease of susceptible domestic ruminants in sub-Saharan Africa and some Caribbean islands (7) . Epidemiological surveys of E. ruminantium prevalence in areas of endemicity have been limited by the lack of suitably sensitive and specific serodiagnostic tests (15) . Fluorescent antibody tests based on E. ruminantiuminfected mouse macrophages (11) , neutrophils and bovine endothelial cell cultures (27) , and immunoblotting assays (20, 25) lacked specificity (12, 16, 25) and were too labor-intensive for mass screening. Several enzyme-linked immunosorbent assay (ELISA) systems have been developed over the last decade, with progressive improvement in performance. Indirect ELISA protocols using crude elementary body-derived antigen (26, 34) and a monoclonal antibody-based competitive ELISA (17) resulted in cross-reactions with other ovine and bovine Ehrlichia species (12, 16) . Recently, a new competitive ELISA, which uses crude, detergent-solubilized elementary body antigen and polyclonal biotinylated competitor antibody (polyclonal competitive ELISA [PC-ELISA]), has been reported to have reduced cross-reactivity with other ruminant Ehrlichia species and improved sensitivity compared to crude antigenbased indirect ELISAs (35) . Serological tests utilizing recombinant antigens include an indirect ELISA based on a specific fragment of the E. ruminantium major antigenic protein (MAP1), the MAP1-B ELISA (38) , and a competitive ELISA using recombinant MAP1 antigen and anti-MAP1 monoclonal antibody competitor (18) . These have been shown to have increased specificity, though both antigens cross-react with antibodies to Ehrlichia chaffeensis, which infects deer and domestic goats in the southern United States (9) , and sensitivity for bovine sera appears to be poor (24, 33) .
As part of an epidemiological survey of the incidence and prevalence of heartwater in domestic ruminants in the West African country of Ghana, serum samples were collected monthly or on single occasions from sheep and cattle and tested for antibodies to E. ruminantium by using the PC-ELISA (35) . Based on postmortem diagnosis, heartwater was reported to occur throughout Ghana (2) . Preliminary investigations using the PC-ELISA indicated the presence of E. ruminantium antibodies in sera from traditionally managed lambs, kids, and calves (4) and in naïve sheep experimentally infected with field isolates of E. ruminantium (5) . In the present study, the relative sensitivity and specificity of the PC-ELISA were assessed by comparison of the assay with the MAP1-B ELISA (38) by using panels of Ghanaian ovine and bovine sera of known PC-ELISA reactivities.
MATERIALS AND METHODS
Serum samples. Blood was collected by jugular puncture from sheep and cattle in the field into 10-ml uncoated Vacutainer tubes (Becton-Dickinson), returned to the laboratory, incubated at 37°C for 1 h, and held at 4°C overnight; the sera were separated by centrifugation at 2,000 ϫ g for 30 min at 4°C and stored at Ϫ20°C. The sheep were the local West African dwarf, long-legged Sahel type or crosses with this type; the cattle were Ghana Sanga, NЈDama, West African shorthorn, Friesian, or Friesian crossed with Sanga or NЈDama. Two panels of test sera were selected on the basis of their E. ruminantium PC-ELISA reactivities from samples collected during longitudinal and point prevalence serosurveys carried out in Ghana between March 1994 and December 1996. The panel from the longitudinal survey, in which sera were collected monthly from tagged animals of known histories at six field sites in the Greater Accra Region, comprised 328 sera positive by PC-ELISA and 109 sera negative by PC-ELISA from 60 sheep and 173 sera positive by PC-ELISA and 89 sera negative by PC-ELISA (of which 43 samples were from animals which had previously seroconverted as determined by PC-ELISA) from 50 cattle. The panel from the point prevalence survey, in which sera were collected on a single occasion from animals of unknown histories at sites in all 10 regions of Ghana, comprised 91 sera positive by PC-ELISA and 42 sera negative by PC-ELISA from adult sheep and 338 sera positive by PC-ELISA and 172 sera negative by PC-ELISA from calves (subdivided into age groups of 4 to 6 and 7 to 12 months) and cattle Ͼ12 months old.
PC-ELISA. The E. ruminantium PC-ELISA (35) was carried out as follows: Immulon 1 ELISA plates (Dynatech) were coated (100 l/well) with E. ruminantium (Welgevonden) antigen diluted in carbonate-bicarbonate buffer (Sigma), and the plates were held at 4°C overnight. One well was left empty as a blank control. The plates were then washed manually five times with phosphatebuffered saline (PBS) with 0.05% Tween 20 (PBST). Fifty microliters of test sera, control positive (obtained postrecovery from a goat experimentally infected with the Senegal isolate of E. ruminantium) or negative (from a pool of Scottish cattle) sera, or PBS was added to each well, followed by 50 l of biotinylated competitor antibody (raised against the Senegal isolate) diluted in PBS with 0.1% Tween 20, and the plates were incubated on a plate shaker at 37°C for 1 h. The plates were then washed as before, 100 l of ExtrAvidin-peroxidase conjugate (Sigma) diluted 1 in 2,500 in PBST was added to each well, and the plates were incubated as before at 37°C for 30 min and washed as before. Every well then received 100 l of tetramethyl benzidine substrate (Sigma) dissolved in phosphate-citrate buffer (Sigma) with 0.1% hydrogen peroxide (30% solution; Sigma) added just before use. The plates were incubated at room temperature (22 to 32°C) for 20 min, and the reaction was stopped by adding 100 l of 1 M sulfuric acid to every well. The plates were read on a Titertek Multiscan plate reader at 450 nm, and the optical density (OD) values obtained after automatic deduction of the OD value of the no-antigen control well were used to calculate the percent inhibition (PI) for each serum sample as follows:
PI ϭ 100 Ϫ ([mean OD value for serum ϫ 100]/[mean OD value of PBS controls])
As they are percentage calculations that adjust the data to inbuilt controls, PI values can fall outside the 0-to-100% scale. PI levels of Ͼ85 for sheep sera and Ͼ70 for cattle sera were considered to indicate positivity for E. ruminantium (35) .
MAP1-B ELISA. The MAP1-B indirect ELISA was supplied in kit form by Utrecht University and was carried out as previously described (38) except that Immulon 1 ELISA plates were used and the initial blocking step was carried out by using 100 l of PBST-1% bovine milk (Marvel; 99% fat free) per well, with the plates stationary during incubation at 37°C. A preliminary titration of the anti-species conjugates provided with the kit was carried out, and dilutions of 1 in 2,000 for sheep and 1 in 1,000 for cattle were subsequently used. Results were presented as percent positivity (PP) calculated as a percentage of the OD value of the reference species positive control sera provided with the kit. As they are percentage calculations that adjust the data to inbuilt controls, PP values can fall outside the 0-to-100% scale. Cutoff points of 14 PP for both species, calculated as the mean ϩ 2 standard deviations of PP (29) of sera from Ghanaian sheep (n ϭ 45) and calves (n ϭ 48) tested prior to seroconversion by the PC-ELISA (Table 1) , were compared with previously recommended cutoff points of 29 PP for sheep and 38 PP for cattle (38) .
Correlation analysis. To examine the level of correlation between the two ELISAs for longitudinal and point prevalence survey sheep and cattle sera, the test results were transformed as follows. First, each set of data was converted to a decimal percentage scale by addition of the maximum negative value to the whole data series followed by division by the maximum positive value for the whole series. These decimal percentages were converted by arcsine to normalize them. The paired data were then correlated by using Pearson's product-moment correlation test. Figure 1 shows a representative set of data presented as scatter plots of percentage values (PI and PP) obtained with the two tests ( Fig. 1A) and of values after transformation of the percentages by arcsine and fitting of a linear regression line (Fig. 1B) . The remaining data sets are presented only as scatter plots of PI and PP (see Fig. 2 to 5) to demonstrate the appropriate positioning of the cutoff levels and the clustering of the data in distinct compartments.
RESULTS

Sheep sera. (i) Longitudinal survey.
Sixty sheep were monitored for up to 34 months; of these, 16 were adult when first sampled and the remainder were monitored from Ͻ1 month of age. Forty-six animals either were seropositive throughout or seroconverted at some point as determined by both tests; four lambs did not seroconvert until they were Ͼ12 months old. After seroconversion, PI values for 4% of serum samples (n ϭ 661) taken from the 46 animals fell below 85 in the PC-ELISA (data not shown). Figure 1A shows a scatter plot of the results for the 437 individual sheep sera tested by the two assays, with results summarized in Table 2 . There was overall agreement between the two tests of 97%, with the MAP1-B ELISA detecting slightly more seropositives than the PC-ELISA with the 14-PP cutoff and slightly fewer with the 29-PP cutoff. Of the 106 preseroconversion sera which tested negative in the PC-ELISA, 10 and 2 tested positive in the MAP1-B ELISA with the lower and higher cutoff levels, respectively, indicating relative specificity for the former test of Ͼ90% if the latter test is assumed to be 100% specific. Lowering the cutoff in the MAP1-B ELISA from 29 to 14 PP increased sensitivity by around 3% but reduced specificity by a greater degree.
(ii) Point prevalence survey. Results for the 133 sera from adult sheep of unknown histories are shown in Fig. 2 and Table  3 . Of 42 sera which tested negative by the PC-ELISA, 4 and 2 were positive by MAP1-B ELISA with the 14-and 29-PP cutoff levels, respectively, resulting in Ͼ90% agreement between the two tests. Of the 91 adult sheep sera which tested positive by the PC-ELISA, 88 and 78 were positive by MAP1-B ELISA with the lower and higher cutoff levels, respectively. In this case, lowering the MAP1-B ELISA cutoff point increased the agreement between the two tests from 86 to 97%. results from the two assays for, respectively, sera up to and including first seroconversion as detected by PC-ELISA and sera collected after first seroconversion as detected by PC-ELISA. Table 4 summarizes the results from the 262 sera tested in both assays. Of the 46 preseroconversion sera which tested negative by PC-ELISA, none were positive by MAP1-B ELISA with the 38-PP cutoff, while results for 2 sera exceeded the 14-PP cutoff level, indicating a high level of agreement between the tests. In addition, the majority of the postseroconversion samples which tested negative by PC-ELISA were also negative by MAP1-B ELISA. Of the 48 sera considered to represent first-seroconversion samples, 45 and 38 were positive by MAP1-B ELISA with the lower and higher cutoff levels, respectively, giving at least 79% agreement between the two tests. However, of 125 sera which tested positive by PC-ELISA, taken from the same animals following first seroconversion, only 5 were positive by MAP1-B ELISA with the 38-PP cutoff level. With the 14-PP cutoff, 59 postseroconversion sera tested positive by MAP1-B ELISA, improving agreement between the tests to close to 50%.
(ii) Point prevalence survey. The results of the point prevalence survey are shown in Table 3 . Overall, of 172 bovine sera from animals of unknown histories which tested negative by the PC-ELISA, 33 and 3 tested positive by MAP1-B ELISA with 14-and 38-PP cutoff levels, giving agreement of Ͼ98 and Ͼ80%, respectively. Of the 338 sera which tested positive by PC-ELISA, only 88 and 15 were positive by MAP1-B ELISA with the lower and higher cutoff levels, respectively, giving at best an agreement of 26% between the tests. (Table 3) , the numbers of sera found positive by MAP1-B ELISA were highest among calves aged 4 to 6 months with both cutoff levels, giving seroprevalences for the group of 28 and 7% with the lower and higher cutoff levels, compared with 64% with the PC-ELISA. Overall MAP1-B ELISA-determined seroprevalences were 24 and 4% with the lower and higher cutoff levels, respectively, compared with 66% with the PC-ELISA. Correlation analysis. The correlation coefficients (r) and probability values (P) for the paired data sets presented in Fig. 1A and 2 to 5 are shown in Table 5 . They were all statistically significant; a high level of correlation (r Ն 0.66) was found with the data for longitudinal survey and point prevalence sheep ( Fig. 1A and  2 ) and longitudinal survey calves up to and including first seroconversion (Fig. 3) . The correlation level was much lower (r Յ 0.18) for the longitudinal survey cattle after first seroconversion (Fig. 4) and point prevalence cattle (Fig. 5) .
Overall seroprevalence. When the results for all sera tested were combined (Table 6 ), both tests indicated a high level, at least 70%, of E. ruminantium seropositivity among Ghanaian sheep. The PC-ELISA also indicated a high level (66%) of seropositivity among Ghanaian cattle, although the test failed to detect as positive nearly a quarter of known postseroconversion bovine sera. Overall seroprevalence in cattle measured by the MAP1-B ELISA was much lower-less than 10% with the high cutoff level-and was improved only to 31% by lowering of the cutoff level.
DISCUSSION
The PC-ELISA has several practical advantages over other E. ruminantium ELISA protocols: the crude antigen and poly- (Fig. 2) 0.69 Ͼ0.001 Longitudinal survey calves up to and including first seroconversion (Fig. 3) 0.66 Ͼ0.001
Longitudinal survey cattle after first seroconversion (Fig. 4) 0.18 Ͼ0.01
Point prevalence cattle (Fig. 5 clonal competitor antibody are relatively simple to produce, sera are used undiluted, and the same test can be used for any host species, including wildlife for which no specific conjugate would be available. For sheep, sensitivity was very high, with less than 5% of serum samples from known positive animals testing negative over a period of up to 32 months after first seroconversion. For cattle, sensitivity was lower but still useful, with 76% of postseroconversion sera testing positive over the same period.
Comparison of the assay with the MAP1-B ELISA (29, 38) allowed assessment of the relative specificity of the PC-ELISA for Ghanaian animal sera, which was otherwise difficult to evaluate with field samples. Results from the MAP1-B ELISA, which is reported to be highly specific for E. ruminantium, with no cross-reactions with other ruminant Ehrlichia species with cutoff levels of 29 and 38 PP for ovine and bovine sera, respectively (38) , strongly supported the view that the organism causing PC-ELISA-detected seroconversion in Ghanaian sheep and cattle was E. ruminantium. The high level of agreement between the two tests with sheep sera indicated that either the level of cross-reactivity in the PC-ELISA with other ovine Ehrlichia species was negligible or that prevalence of such infections in Ghanaian sheep was very low. Ovine ehrlichiosis caused by Ehrlichia ovina has not been reported to occur in Ghana, though its presence in other West African countries (13, 23, 37) and the presence of known or suspected vector tick species in Ghana (22, 39) suggest that the disease is also likely to be present. A rickettsial disease with similarities to monocytic ehrlichiosis in imported exotic goats in the Accra area has been described previously (14) . Due to the apparent inability of the MAP1-B ELISA to detect known E. ruminantium-exposed cattle after first seroconversion, it was not possible to draw conclusions on the possible occurrence of other bovine Ehrlichia species in Ghanaian cattle, though the same predisposing factors mentioned above for ovine ehrlichiosis are present in the country. Thus, the PC-ELISA can be considered to be highly specific for sheep sera, while the results presented here do not permit assessment of its specificity for cattle.
The importance of establishing an appropriate cutoff point for the MAP1-B ELISA has been stressed (29) ; cutoff points calculated by using the preseroconversion Ghanaian sera (14 PP for both species) were much lower than the values of 29 PP for sheep and 38 PP for cattle initially recommended for the test (38) . Overall consideration of the results from comparison of the two tests suggests that the ideal cutoff point for both ruminant species would lie somewhere between the value calculated for Ghanaian sera and initially recommended values, with the aim of improving sensitivity without loss of specificity. MAP1-B ELISA cutoff points for bovine sera between 15.6 and 50 PP, calculated in a variety of ways, have been used in field surveys and experimental studies in areas of Africa and the Caribbean where heartwater is endemic (8, 19, 28, 30, 33) .
There was good agreement between the two tests with sheep sera, with the PC-ELISA exhibiting levels of sensitivity and specificity comparable to those of the MAP1-B ELISA. Once seroconverted, most longitudinal survey sheep continued to exhibit high antibody levels, testing positive in both assays, though 5 out of the 46 sheep in this category tested negative by one or both tests on some occasions after first seroconversion. Persistently high E. ruminantium antibody levels have been reported in sheep following immunization (11, 30) or recovery from experimental heartwater (38) .
Both tests performed worse with bovine sera than with sheep sera; the PC-ELISA gave false-negative results (PI values for 24% of samples taken from the longitudinal survey cattle, after seroconversion detected by both tests, fell below the 70-PI cutoff point, and those for 6% of samples fell below 50 PI) (data not shown), but not nearly as many as the MAP1-B ELISA (PP values for 96 and 57% of postseroconversion samples tested fell below the 38-and 14-PP cutoff points, respectively). This may be due to lack of sensitivity of the latter test for bovine field sera in general compared to that for experimental sera, though its high level of agreement with the PC-ELISA at first seroconversion does not support this view. Values for sera from experimentally infected cattle fell below 38 PP in the MAP1-B ELISA between 50 and 100 days postinoculation (38) . A seroprevalence of 33% among nearly 400 bovine field sera tested by MAP1-B ELISA was reported from areas of Zimbabwe where heartwater is endemic, places where seroprevalence in goats exceeded 90% (24) , and these values are quite similar to the overall seroprevalences of 31 and 83% in Ghanaian cattle and sheep found with the low MAP1-B ELISA cutoff. A similar seroprevalence of E. ruminantium of 31% was found with the MAP1-B ELISA in traditionally managed NЈDama cattle exposed to year-round Amblyomma variegatum challenge in Côte d'Ivoire (19) . A larger field study in Zimbabwe confirmed the disparity between MAP1-B ELISAdetermined seroprevalences in cattle and goats in areas where heartwater is endemic (32) .
It has been suggested that polymorphism among MAP1 antigens of different E. ruminantium isolates may affect the ability of the MAP1-B ELISA to detect heterologous antibodies (24) ; however, since the test successfully detected numerous seropositive adult Ghanaian sheep and first seroconversion in most of the Ghanaian calves, MAP1 polymorphism would not explain the negative results with subsequently collected sera from the same cattle. It has also been postulated that the MAP1-Bspecific antibody response may be down-regulated in cattle following exposure to E. ruminantium (24) . Variable and generally lower antibody levels detected in immune cattle by the PC-ELISA in the present study and by other serological tests (11, 25) indicate that there may be a reduced host antibody response to E. ruminantium in general following first exposure. Indeed, a recent study in Zimbabwe of field-exposed and ex- (33) . With the use of the MAP1-B ELISA on groups of field-exposed NЈDama and Gobra zebu cattle in The Gambia, variation in monthly seroprevalences between 7.5 and 98.1% was found, depending on season, tick control regime, and consequent level of A. variegatum challenge (28) . Tick control for the longitudinal survey cattle was irregular, and Amblyomma ticks were present on at least some animals at each site on sampling days throughout the year, presumably resulting in repeated E. ruminantium challenge. A. variegatum ticks were also found on cattle in all the herds sampled for the point prevalence survey (39) . Immunosuppression in cattle due to A. variegatum infestation has been reported (21); it is not known what effect this might have on the humoral immune response to E. ruminantium in immune, tick-infested animals. Since protective immunity to heartwater is considered to be primarily cell mediated (36) and since the seronegative adult cattle (at least one-third of the point prevalence survey animals) were surviving in an area of endemicity under regular A. variegatum, and presumably E. ruminantium, challenge, it can be concluded that the absence of detectable levels of antibodies in sera of cattle does not correlate with susceptibility to heartwater. The true proportion of heartwater-immune adult cattle in Ghana is likely to be much higher than the levels indicated by either of the serological assays used in the present study. In neighboring Côte d'Ivoire, the true prevalence of E. ruminantium infection in cattle was suspected to be higher than the 31% found by MAP1-B ELISA (19) , while the same test was suggested to be an unreliable indicator of past exposure to heartwater in field-infected cattle in Zimbabwe (32) .
Heartwater was first recognized as a disease problem in Ghana 70 years ago (3). Subsequent studies have confirmed its importance as a cause of mortality, particularly in small ruminants (2, 6, 31) . However, until the present study, estimates of disease incidence were gathered from postmortem diagnosis data, with diagnoses in some cases based on macroscopic lesions alone, without microscopic confirmation of the presence of rickettsiae in brain smears (2, 6) . The classic postmortem signs, hydrothorax and hydropericardium, do not always occur in heartwater cases, and conversely their presence may be due to other causes such as haemonchosis and plant poisoning, both also significant causes of mortality in Ghanaian sheep and goats (1, 6, 31) . The results obtained from testing ovine and bovine field sera from locations throughout the country with the PC-ELISA and MAP1-B ELISA confirm the widespread exposure of ruminants in Ghana to E. ruminantium. However, among adult sheep there exists a significant proportion of animals that are seronegative by both tests, and these animals can be assumed to be naïve (true seronegatives) and at risk from heartwater. The levels of false negatives in both tests do not allow conclusions to be drawn on the occurrence of true seronegatives among adult cattle. In the absence of a serodiagnostic assay combining high levels of sensitivity and specificity for field sera from all domestic ruminant species, the present study confirms the usefulness of the PC-ELISA in carrying out field surveys of E. ruminantium seroprevalence in West Africa, either alone or in conjunction with the MAP1-B ELISA.
